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Abstract15
The climate response to atmospheric aerosols, including their effects on dominant modes16
of climate variability like El Niño Southern Oscillation (ENSO), remains highly uncer-17
tain. This is due to several sources of uncertainty, including aerosol emission, transport,18
removal, vertical distribution, and radiative properties. Here, we conduct coupled ocean19
atmosphere simulations with two versions of the Community Earth System Model (CESM)20
driven by semi-empirical fine-mode aerosol direct radiative effects without dust and sea21
salt. Aerosol atmospheric heating off the west coast of Africa−most of which is due to22
biomass burning−leads to a significant atmospheric dynamical response, including lo-23
calized ascent and upper-level divergence. Coupled Model Intercomparison Project ver-24
sion 6 (CMIP6) biomass burning simulations support this response. Moreover, CESM25
shows that the anomalous aerosol heating in the Atlantic triggers an atmospheric tele-26
connection to the tropical Pacific, including strengthening of the Walker circulation. The27
easterly trade winds accelerate, and through coupled ocean-atmosphere processes and28
the Bjerknes feedback, a La Niña-like response develops. Observations also support a29
relationship between south African biomass burning emissions and ENSO, with La Niña30
events preceding strong south African biomass burning in boreal fall. Our simulations31
suggest a possible two-way feedback between ENSO and south African biomass burn-32
ing, with La Niña promoting more biomass burning emissions, which may then strengthen33
the developing La Niña.34
1 Introduction35
The burden of tropospheric aerosols has increased since preindustrial times due to36
anthropogenic activities (S. Smith et al., 2004; Bond et al., 2007). Aerosols affect the37
climate system in several ways, including the scattering and absorbing of solar radiation38
(direct effects), as well as through modification of cloud properties (indirect effects). In39
terms of direct effects, sulfate aerosols primarily reflect solar radiation and cause cool-40
ing of the climate system. Conversely, black carbon (BC), the strongest absorbing aerosol41
species, primarily absorbs solar radiation and warms the atmosphere (Ramanathan et42
al., 2001). The most recent Intergovernmental Panel on Climate Change (IPCC) assess-43
ment report quantifies the aerosol direct radiative forcing (RF) at −0.35±0.5 Wm−2 (Boucher44
et al., 2013). Larger uncertainty exists with BC, with a direct RF of 0.71 W m−2 and45
90% confidence bounds of 0.08 to 1.27 W m−2 (Bond et al., 2013). This large uncertainty46
is related to several factors, including uncertainty in BC emission inventories, absorp-47
tion aerosol optical depth, and vertical profile (Ramanathan & Carmichael, 2008; Koch48
et al., 2009; Ming et al., 2010; Zarzycki & Bond, 2010; C. E. Chung et al., 2012; Ban-49
Weiss et al., 2012; Bond et al., 2013; Allen & Landuyt, 2014; Cohen & Wang, 2014; Myhre50
& Samset, 2015; Samset & Myhre, 2015).51
Some of the uncertainty associated with aerosols, including BC, is related to biomass52
burning. The direct RF of biomass burning aerosol is not well constrained, with a cen-53
tral estimate of 0.0 W m−2 and a corresponding uncertainty range of −0.20 to +0.20 W54
m−2 (Myhre et al., 2013). Recent studies also suggest that biomass burning aerosols yields55
a relatively large negative indirect effect of about −1 W m−2 (Ward et al., 2012; Grandey56
et al., 2016; Jiang et al., 2016; Landry et al., 2017; Lu et al., 2018). ∼40% of global BC57
emissions originate from landscape fires, including agricultural waste burning, grassland58
fire, peat fire, and various types of forest fire (van Marle et al., 2017; van der Werf et al.,59
2017). A best-guess uncertainty assessment for carbon emissions associated with biomass60
burning at regional scales is at least 50%, but likely higher in areas where small fire burned61
area is important (van der Werf et al., 2017). Furthermore, simulated aerosol optical depth62
(AOD) in regions with large biomass burning emissions (e.g., south Africa) is likely un-63
derestimated (by a factor of ∼2-4) by most models (Kaiser et al., 2012; Tosca et al., 2013;64
Shindell et al., 2013).65
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Despite the short atmospheric lifetime of aerosols and their heterogeneous spatial66
distribution, aerosols can alter both local and remote atmospheric circulation (Ramanathan67
et al., 2005; Shindell et al., 2012; Lewinschal et al., 2013; Undorf et al., 2018; Wilcox et68
al., 2019). Previous studies show that aerosols are linked to several circulation responses,69
including meridional shifts of the Intertropical Convergence Zone (ITCZ) (Hwang et al.,70
2013; Allen et al., 2015; Allen, 2015; Rotstayn, Collier, & Luo, 2015; Westervelt et al.,71
2018) and the associated decrease in Sahel rainfall (Biasutti & Giannini, 2006; Rotstayn72
& Lohmann, 2002; Undorf et al., 2018). Aerosols have also been associated with perturb-73
ing the width of the tropical belt (Allen et al., 2012b; Kovilakam & Mahajan, 2015; Allen74
& Ajoku, 2016), an equatorward shift of the Northern Hemisphere storm tracks (Kristjansson75
et al., 2005; Ming & Ramaswamy, 2009), and weakening of the global monsoon system,76
including the south Asian monsoon (Meehl et al., 2008; Bollasina et al., 2011; Polson et77
al., 2014; Guo et al., 2016; Z. Li et al., 2016).78
Absorbing aerosol, which directly heats the atmosphere, may be particularly effi-79
cient at perturbing atmospheric circulation and precipitation due to its ability to increase80
tropospheric stability and perturb meridional temperature gradients (C. Chung & Ra-81
manathan, 2006; Meehl et al., 2008; Ming et al., 2010; Allen et al., 2012a, 2012b; Kovi-82
lakam & Mahajan, 2015; Shen & Ming, 2018). Absorbing aerosol over the southeastern83
Atlantic Ocean, due to south African biomass burning during the dry season (∼July-October),84
may also influence the large-scale atmospheric circulation (Ramanathan & Carmichael,85
2008; Randles & Ramaswamy, 2010; Sakaeda et al., 2011). Randles and Ramaswamy (2010)86
show that strong atmospheric absorption can increase upward motion and low-level con-87
vergence over southern Africa during the dry season. These changes increase sea level88
pressure over land in the biomass burning region and enhance the hydrologic cycle by89
increasing clouds, atmospheric water vapor, and precipitation. Similarly, Tosca et al. (2013)90
perform biomass burning simulations (direct and semi-direct effects only) constrained91
by satellite aerosol AOD. They find significant model underestimation of observed AOD92
in the three major tropical burning regions, including south Africa. For these regions,93
they apply a scaling factor, ranging from 1.45 to 2.40, to bring the AODs into agreement94
with the satellite time series. They show that fire emissions reduce global surface tem-95
peratures by 0.13K, weaken the Hadley circulation, and perturb precipitation patterns,96
including precipitation reductions along the equator and over tropical forests in South97
America, Africa and equatorial Asia.98
Dominant modes of climate variability, such as El Niño Southern Oscillation (ENSO)99
and the North Atlantic Oscillation (NAO), affect weather, economies and ecosystems re-100
gionally and worldwide. Several studies suggest that aerosols are capable of perturbing101
these dominant modes of climate variability. Booth et al. (2012) found that aerosols ac-102
count for much of the simulated multi-decadal variability of North Atlantic sea surface103
temperatures, and associate this to aerosol-microphysical effects. Tang et al. (2018) found104
BC drives a positive NAO response and a poleward shift of the Atlantic storm track, lead-105
ing to drying of the Mediterranean. A similar positive NAO-like response to semi-empirical106
aerosol forcing (C. E. Chung et al., 2005) was also reported by Allen and Sherwood (2011).107
Anthropogenic aerosols may also be able to modify the Pacific Decadal Oscillation (PDO),108
thereby altering the width of the tropical belt (Allen et al., 2014). Similarly, Takahashi109
and Watanabe (2016) found sulfate aerosols are responsible for one-third of the 1991-110
2010 trade-wind intensification in the tropical Pacific. Westervelt et al. (2018) showed111
that the precipitation response to future projected reductions in aerosol emissions is largest112
in the tropics and projects onto ENSO. Tropical Pacific sea salt emissions have also been113
associated with enhancing ESNO variability (Yang et al., 2016), and mid-latitude/Arctic114
BC with increasing the frequency of extreme ENSO events (Lou et al., 2019). However,115
no studies to date have directly linked biomass burning aerosols to ENSO.116
In this study we investigate the climate response to the direct radiative effects of117
semi-empirical fine-mode aerosol without dust and salt (C. E. Chung et al., 2016). Dust118
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and sea salt are not included so that our aerosol direct radiative effect predominantly119
represents the anthropogenic aerosol direct radiative effect (i.e., smaller, fine-mode par-120
ticles). Indirect aerosol effects, which are likely important, are not included here. We use121
semi-empirical aerosol radiative effects to bypass the aforementioned uncertainty in ab-122
sorbing aerosols in most models, including likely underestimation of biomass aerosols.123
Simulations are conducted using both a dynamical ocean as well as fixed sea surface tem-124
peratures (fSST) using two atmospheric versions of the Community Earth System Model125
(CESM) (Hurrell et al., 2013). Our simulations show that aerosol direct radiative effects126
can trigger a La Niña-like climate response in the tropical Pacific, which we relate to African127
biomass burning aerosol. These conclusions are also supported with CAM5 simulations128
using default prognostic aerosols, which include aerosol indirect effects, as well as aerosol-129
meteorology coupling. This paper is organized as follows: Section 2 describes our method-130
ology, including our models, observations and aerosol direct radiative effects. Results are131
presented in Section 3 and a Discussion and Conclusion follows in Section 4.132
2 Methodology133
2.1 Semi-empirical aerosol direct radiative effects134
Two general approaches are used to understand aerosol impacts on the climate sys-135
tem. In bottom-up approaches, the physical properties of the aerosol are specified through136
aerosol and precursor emissions. Aerosol radiative effects can then be quantified using137
a global model by inferring optical and cloud active properties. In contrast, top-down138
approaches involve prescribing aerosol optical properties based on a combination of ob-139
servations and models. Several sources of uncertainty are involved with traditional bottom-140
up aerosol simulations, including emissions, transport, vertical distribution and removal141
(Textor et al., 2006; Bond et al., 2013; Allen & Landuyt, 2014; Park & Allen, 2015). To142
bypass some of these uncertainties, we use the top-down approach by prescribing a monthly143
varying climatology of semi-empirical fine mode aerosol direct radiative effects without144
dust and sea salt (C. E. Chung et al., 2016) into CESM. Our simulations do not include145
aerosol cloud microphysical (indirect) effects.146
Our semi-empirical direct aerosol radiative effect (C. E. Chung et al., 2016) is based147
on the approach of C. E. Chung et al. (2005) and K. Lee and Chung (2013). Satellite148
aerosol optical depth (AOD) from Moderate Resolution Imaging Spectroradiometer (MODIS)149
and Multi-angle Imaging SpectroRadiometer (MISR) is nudged towards AErosol RObotic150
NETwork (AERONET) AOD to obtain globally reliable AOD from 2001-2010. The AOD151
Angstrom exponent is also derived by adjusting the satellite data towards AERONET152
data. Fine-mode aerosol optical depth (fAOD) at 500 nm is obtained by using AERONET153
fAOD and total AOD to derive fine-mode fraction (FMF). AOD Angstrom exponent data154
is converted into FMF data, which is then nudged towards AERONET FMF data to de-155
rive reliable FMF and fAOD over the globe. Observational data gaps−which are primar-156
ily confined to polar regions−are filled by Goddard Chemistry Aerosol Radiation and157
Transport (GOCART) model. Aerosol optical properties, the single-scattering albedo158
(SSA) and asymmetry parameter (ASY) for the total aerosol are derived by nudging GO-159
CART simulated values towards the AERONET data. GOCART accurately simulates160
most of the prominent AOD features in the satellite observations, within a factor of two161
for aerosol source and outflow areas (Chin et al., 2002). However, several GOCART bi-162
ases have been identified, including an underestimation of aerosol extinction over India,163
overestimation of aerosol extinction in dust source regions, and overestimation of aerosol164
aloft over mid-latitude transport regions (Yu et al., 2010). Aerosol vertical profiles are165
obtained from the space-born Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP)166
(Liu et al., 2009; Winker et al., 2013). The direct aerosol effect for each month is obtained167
by incorporating the integrated global aerosol data into the Monte-Carlo Aerosol Cloud168
Radiation (MACR) model (Podgorny et al., 2000; Choi & Chung, 2014).169
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Sensitivity tests were performed to quantify the uncertainty (primarily due to AOD170
and SSA) in the observationally constrained fine-mode aerosol direct radiative effect used171
here (C. E. Chung et al., 2016). Based on modifying BC AOD and BC/organic aerosol172
(OA) SSA, fine-mode aerosols yield atmospheric absorption ranging from 3.63 W m−2173
(least absorbing case) to 4.08 W m−2 (most absorbing case). This implies an uncertainty174
range of about ±0.25 W m−2. Additional information pertaining to the semi-empirical175
fine-mode direct aerosol radiative effect is located in the Supplement.176
Figure 1 shows the annual mean atmospheric solar absorption (FATM ) and reduc-177
tion in surface solar radiation (FSFC) for semi-empirical fine-mode aerosol direct effect178
without dust and sea salt. We note that all quoted magnitudes of the semi-empirical aerosol179
data, including FATM and FSFC represent a present-day “aerosol direct radiative effect”180
(DRE), and not a traditionally defined aerosol radiative forcing. An aerosol forcing is181
estimated as the difference between present day and preindustrial aerosol radiative ef-182
fects. Large uncertainty exists in preindustrial aerosol effects and this was not estimated183
by C. E. Chung et al. (2016). The global annual average FATM and reduction in sur-184
face solar radiation FSFC is +3.64 W m
−2 and −3.75 W m−2, respectively. These es-185
timates are several times larger than anthropogenic aerosol forcing estimated from mod-186
els (which compare present day to preindustrial radiative effects) (Myhre et al., 2013),187
which are 0.75 W m−2 for FATM and −1.02 W m
−2 for FSFC . Some of this difference188
is related to comparing a DRE to a direct radiative forcing, as the latter will have smaller189
values since the effect of preindustrial aerosols is removed. The former, however, quan-190
tifies the DRE of all present-day aerosols, and will therefore be larger. However, since191
we are focused on fine-mode aerosol without dust and salt (which are mostly anthropogenic),192
this effect is likely small. Despite this disparity between definitions, semi-empirical fine-193
mode aerosol direct effect without dust and sea salt still contains considerable FATM (and194
FSFC). This difference is consistent with model underestimation of absorbing aerosol,195
including black carbon optical properties and emissions, as well as omission of absorb-196
ing brown carbon (Ramanathan & Carmichael, 2008; Koch et al., 2009; C. E. Chung et197
al., 2012; Bond et al., 2013; Cohen & Wang, 2014; Myhre & Samset, 2015). Figure 1 shows198
large atmospheric heating over several regions, including southeast Asia and India due199
to fossil fuel and biofuel combustion, as well central Africa due to biomass burning (box200
in Fig. 1).201
Figure 1 also shows the vertical profile of the global mean atmospheric heating rate,202
as well as that for the Africa region (boxed region in Fig 1a), defined as 15◦W-30◦E and203
20◦S to 10◦N. The global profile peaks in the lower-troposphere, near 900 hPa, and then204
decays to zero near 450 hPa. Although aerosol simulations generally reproduce a sim-205
ilar spatial distribution of FSFC and FATM , their vertical aerosol heating profile is more206
uniform, with relatively large heating that extends through the upper troposphere (Stjern207
et al., 2017; Allen et al., 2019). Atmospheric heating is quite large over the Africa re-208
gion (2-4x larger than the global mean), implying large solar absorption due to biomass209
burning aerosol. The profile is elevated relative to the global mean profile, peaking around210
700 hPa and then rapidly decaying to zero near 450 hPa. Several recent field campaigns211
have focused on improved understanding of absorbing aerosol off the coast of southern212
Africa, including Observations of Aerosols above Clouds and their interactions (ORA-213
CLES) (Zuidema et al., 2016) and Layered Atlantic Smoke Interactions with Clouds (LA-214
SIC) (Zuidema et al., 2018). The vertical heating profile in Fig. 1 is consistent with these215
surface and aircraft lidar observations, with smoke transport over the southeastern At-216
lantic mainly occurring between 2-4 km (800-600 hPa) (Mallet et al., 2019; Pistone et217
al., 2019).218
The global annual mean top-of-the-atmosphere (TOA) aerosol DRE is −0.11 W219
m−2, which is within the IPCC uncertainty range for aerosol direct forcing at −0.35±0.5220
Wm−2 (Boucher et al., 2013). We reiterate that this is an “aerosol direct radiative ef-221
fect”, and represents the present day direct aerosol radiative effects (no comparison to222
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preindustrial aerosol direct radiative effects). Black carbon (the main warming aerosol)223
as well as sulfate and nitrate aerosol are known to be more anthropogenic than organic224
aerosol (Bond et al., 2013). If the anthropogenic fraction of black carbon is similar to225
that of nitrate and sulfate aerosol, the aerosol direct radiative forcing becomes less neg-226
ative than the aerosol radiative effect of −0.11 W m−2 (C. E. Chung et al., 2016).227
Several regions exhibit a positive net TOA aerosol direct effect, including much of228
the African continent and the tropical southeast Atlantic Ocean. Over the Africa region,229
we estimate a relatively large annual mean positive TOA direct radiative effect of 3.1230
W m−2. Tosca et al. (2013) scaled (i.e., increased) CAM5’s AOD to match satellite ob-231
servations, and estimate a biomass burning aerosol direct radiative effect near south Africa232
of about 4-5 W m−2, which is similar to our value. Over a similar region, however, Ae-233
roCom models yield an August through September (when south African biomass burn-234
ing emissions are largest) aerosol direct forcing of −0.03 W m−2, but with a large range235
from −1.16 to 1.62 W m−2(Stier et al., 2013; Zuidema et al., 2016). Our corresponding236
aerosol effect remains larger than model estimates, at 4.9 W m−2. As previously noted,237
however, models may underestimate aerosol absorption, including biomass burning aerosol238
(Shindell et al., 2013).239
Based on satellite observations, Feng and Christopher (2015) estimate a southeast-240
ern Atlantic averaged instantaneous direct radiative effect of ∼37 W m−2 for August 2006.241
A significant positive DRE is also estimated from several other studies, including de Graaf242
et al. (2012, 2014) who estimate an August 2006 DRE of ∼23 W m−2 near the south-243
ern African coast. More recently, Mallet et al. (2019) simulate a positive September 2016244
TOA direct radiative effect of about 6 W m−2 over the southeastern Atlantic. This pos-245
itive DRE is due, in part, to the predominance of marine stratocumulus clouds in the246
southeast Atlantic and the elevated atmospheric heating profile, which enhances absorp-247
tion of solar radiation by absorbing aerosol above the cloud layer (Chand et al., 2009;248
Jiang et al., 2016). These studies illustrate the large absorption of solar radiation due249
to biomass burning aerosol off the coast of southeastern Africa.250
Although we use semi-empirical aerosol direct radiative effect without dust and salt251
in an attempt to reduce model uncertainties associated with bottom-up approaches, our252
methodology has several caveats. This includes the observed aerosol optical depth and253
reliance on simulated optical properties, as well as uncertainty related to the discrim-254
ination between fine and coarse mode aerosol. We note that in reality, biomass burning255
can produce coarse-mode aerosol, but we have not analyzed coarse mode aerosol in this256
work. Additional caveats include lack of consistency between the aerosol radiative ef-257
fect and simulated meteorology. For example, Randles et al. (2013) found that remov-258
ing the feedback of meteorology on aerosol distributions can significantly impact the re-259
sponse depending on the parameter, region, and season considered. The largest effect260
of removing coupling is to enhance the aerosol optical depth globally over the oceans.261
We also explicitly acknowledge that our approach does not account for precipitation-aerosol262
interactions. As shown in Allen and Landuyt (2014) enhanced convection is associated263
with more convective precipitation, enhanced wet removal, and less BC below 500 hPa.264
However, more convective mass flux, particularly above 500 hPa, yields more BC aloft265
due to enhanced convective lofting. Although this result is based on idealized simula-266
tions with CAM5, similar conclusions were found using observations and reanalysis data267
(Park & Allen, 2015). Thus, although enhanced convection may reduce aerosol below268
500 hPa (due to enhanced wet removal), it may increase it above 500 hPa (due to en-269
hanced convective lofting).270
2.2 Community Earth System Model271
This study uses the National Center for Atmospheric Research (NCAR) Commu-272
nity Earth System Model (CESM) version 1.2.2.1. To help evaluate the robustness of273
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the climate response, we use different versions of CESM’s atmosphere model, including274
version 4 (CAM4) (Neale, Richter, et al., 2010) and version 5 (CAM5) (Neale, Gettel-275
man, et al., 2010). Ideally, to better evaluate the robustness of the response, multiple276
climate models from different organizations should be used. Both CAM4 and CAM5 have277
a horizontal resolution of 1.9◦x2.5◦; CAM4 has 25 vertical layers and CAM5 has 30. Their278
main shared physical parameterization is the Zhang-McFarlane deep convection scheme279
(bulk mass flux with CAPE closure) (Zhang & McFarlane, 1995). CAM4 uses a shal-280
low convection scheme that involves three-level adjustment of moist static energy (Hack,281
1994) and a prognostic single-moment microphysics scheme, including diagnostic cloud282
fraction (Rasch & Kristjánsson, 1998). CAM5 uses a mass flux scheme with convective283
inhibition closure for shallow convection (Park & Bretherton, 2009) and a prognostic dou-284
ble moment microphysics scheme (Morrison & Gettelman, 2008) with ice supersatura-285
tion (Gettelman et al., 2010) and a diagnostic cloud fraction scheme for cloud microphysics286
and macrophysics. These two models also have different radiative transfer schemes. The287
rapid radiative transfer model (RRTMG) provides the radiative transfer calculations in288
CAM5, which is an accelerated and modified version of the correlated k-distribution model,289
RRTM (Mlawer et al., 1997; Clough et al., 2005; Iacono et al., 2008). The calculation290
of shortwave radiation in CAM4 is based on a δ-Eddington approximation (Joseph et291
al., 1976; Coakley et al., 1983; Briegleb, 1992). All CESM simulations use the Parallel292
Ocean Program version 2 (POP2) ocean model, which is based on the POP version 2.1293
from the Los Alamos National Laboratory (R. Smith et al., 2010)294
2.3 CESM Experimental Design295
We conduct CESM experiments with the fully coupled atmosphere-ocean config-296
uration (CAM4-coupled and CAM5-coupled; Table 1). These simulations are initialized297
using 1850 preindustrial forcings (e.g., greenhouse gases) and boundary conditions, as298
well as a previously spun-up preindustrial ocean, and are integrated for 100 years. Out-299
put from last 50 years is used for our analyses, when the models have reached near-equilibrium.300
The choice of conducting 100 year simulations, and analyzing the last 50 years, is jus-301
tified based on the fact no significant trend in TOA net radiation exists over the last 50302
years (implying the model has reached near-equilibrium). Furthermore, we initially con-303
ducted a few of our coupled ocean-atmosphere simulations over a longer time period−150304
years, as opposed to the 100 years we have settled on. Similar responses exist over years305
50-99, as well as from years 100-149 (not shown). Thus, we believe our simulations have306
reached near-equilibrium in years 50-99.307
Fixed SST (fSST) simulations are also conducted (CAM4-fSST and CAM5-fSST;308
Table 1), where the model is driven by a repeating monthly climatology of SSTs. These309
CAM4/5-fSST simulations are integrated for 20 years, the last 15 of which is used for310
our analyses.311
Monthly semi-empirical fine mode aerosols without dust and sea salt (atmospheric312
heating rate and surface solar radiation reduction) from C. E. Chung et al. (2016) (see313
also Section 2.1) are interpolated to CESM’s horizontal resolution and incorporated into314
its radiation module. The atmospheric heating rate is vertically interpolated to each model’s315
hybrid pressure levels. Although the aerosol direct effect is almost independent of so-316
lar zenith angle (θ) when the angle is small, the aerosol direct effect approaches zero as317
θ approaches 90◦. Thus, the added aerosol radiative effect is multiplied by a scaling fac-318
tor that depends on zenith angle(C. E. Chung, 2006). The climate response is estimated319
as the difference between the simulation with semi-empirical fine mode aerosols with-320
out dust and sea salt, and a corresponding control run that lacks observationally con-321
strained fine mode aerosol direct radiative effects without dust and sea salt.322
Simulations are conducted with both the CAM4 and CAM5 atmosphere model. In323
the case of the CAM4 model, which only includes aerosol direct effects, the radiative ef-324
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fects of the default aerosols are neglected by removing them from the list of radiatively325
active species. With CAM5, which includes both direct and indirect aerosol effects, the326
radiative effects of the default aerosols cannot be simply neglected, as cloud microphys-327
ical processes depend upon aerosols. Thus, CAM5 simulations use prescribed (as opposed328
to prognostic) modal aerosols (MAM3). Although this represents a double counting of329
aerosol effects in the observationally-constrained CAM5 simulation, we have verified that330
the response eliminates the bulk of the radiative effects due to the default prescribed aerosols331
(which will be similar in observationally constrained and control simulations). For ex-332
ample, the percent change in the burden of each aerosol species is <1%. These changes333
are not identical to zero because the prescribed CAM5 modal aerosol implementation334
does not use mixing ratio values that have been time interpolated from monthly mean335
values. Instead, the mixing ratio values are obtained by random sampling of the time in-336
terpolated log normal distribution of each prescribed species.337
In addition to conducting coupled ocean-atmosphere simulations with global semi-338
empirical fine mode aerosol direct radiative effect without dust and sea salt, we also con-339
duct analogous simulations, but driven by semi-empirical fine mode aerosol direct radia-340
tive effects without dust and sea salt over the Africa region alone (box in Fig. 1a; CAM4-341
coupled Africa and CAM5-coupled Africa). This is accomplished by setting the reduc-342
tion in surface solar radiation and atmospheric solar heating to zero outside the Africa343
region. These experiments (“CAM4/5-coupled Africa”) allow us to isolate the role of African344
aerosol−which is primarily biomass burning aerosol−in driving the La Niña-like telecon-345
nection. Moreover, to address the dependency of our results to the relatively large amount346
of atmospheric heating in our semi-empirical fine mode aerosol direct radiative effect,347
we conduct analogous CAM4-coupled Africa sensitivity experiments driven by 50 and348
20% of the semi-empirical aerosol direct radiative effect over the Africa region (CAM4-349
coupled Africa 50% and CAM4-coupled Africa 20%, respectively). As in the default Africa350
simulations, the direct aerosol radiative effect is set to zero outside the Africa region. Thus,351
these reduced aerosol radiative effect simulations feature 50 and 20% of the reduction352
in surface solar radiation and atmospheric solar heating over the Africa region. This de-353
creases the corresponding August through September TOA direct aerosol radiative ef-354
fect from 4.9 W m−2 to 2.5 and 0.98 W m−2, respectively. The latter value is within the355
range of AeroCom model estimates of aerosol forcing (−1.16 to 1.62 W m−2) (Stier et356
al., 2013; Zuidema et al., 2016). Moreover, the vertical profile of the atmospheric heat-357
ing rate scaled by 20% and 50% over the Africa region shows better correspondence with358
that simulated from CMIP6 2xFIRE experiments (Fig. 1d; Section 2.4).359
Finally, we also conduct CAM5 coupled simulations using prognostic aerosols (MAM3),360
which feature a doubling of 1850 black carbon fire emissions over the Africa region (CAM5-361
2xAFBC). These simulations are compared to an analogous control simulation that lacks362
a doubling of 1850 BC fire emissions over the Africa region. These simulations include363
aerosol indirect effects, as well as aerosol-meteorology coupling. CAM5-2xAFBC yields364
a vertical profile of atmospheric heating similar to that obtained in CMIP6 2xFIRE ex-365
periments (Fig. 1d).366
2.4 Coupled Model Intercomparison Project version 6 Models367
To complement our CESM simulations, we also analyze Coupled Model Intercom-368
parison Project version 6 (CMIP6) simulations from the Aerosol Chemistry Model In-369
tercomparison Project (AerChemMIP) (Collins et al., 2017). Specifically, we analyze the370
difference between two fixed SST simulations. The control simulation (“piClim-control”)371
features fixed preindustrial aerosol emissions and precursor gases. The experiment (“piClim-372
2xfire”) is identical, but biomass burning/fire emissions including NOx, BC, OC, CO,373
and VOCs are doubled. Three models are available including CNRM-ESM2-1, MIROC6,374
and UKESM1-0-LL. Both CNRM-ESM2-1 and MIROC6 have 30 simulation years and375
UKESM1-0-LL has 45 simulation years. As these are fixed SST experiments, they only376
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yield the “rapid adjustments”, and not the full climate response. The difference between377
the CMIP6 experiment and control simulations is referred to as “2xFIRE”.378
CMIP6 2xFIRE simulations allow us to evaluate the impact of biomass burning aerosol379
in non-CESM models, and therefore allow determination of how robust our CESM re-380
sults are. We also note that these CMIP6 simulations include aerosol-meteorology cou-381
pling, aerosol indirect effects, and potential feedbacks between atmospheric circulation382
and fire aerosol emissions. We reiterate that these CMIP6 simulations are fixed SSTs,383
and thus are not expected to capture the African biomass aerosol teleconnection to the384
tropical Pacific (since atmosphere-ocean coupling and resulting feedbacks are not present).385
Nonetheless, they allow us to quantify the local atmospheric response (in the Atlantic)386
to African biomass aerosol in models with different parameterizations and with a more387
realistic representation of aerosol processes, including meteorological feedbacks.388
This Atlantic response−including anomalous ascent and upper level divergence−represents389
the first step in our proposed African biomass burning aerosol teleconnection to the trop-390
ical Pacific. As will be discussed below, CMIP6 2xFIRE simulations generally yield (2391
of 3 models) a similar atmospheric response in the Atlantic as compared to CESM driven392
by semi-empirical fine-mode aerosol direct radiative effects without dust and sea salt (in-393
cluding our CAM4- and CAM5-fSST experiments). CMIP6 2xFIRE results therefore sup-394
port our conclusions with CESM.395
2.5 Observations396
We use 1997-2018 0.25◦x0.25◦ biomass burning emissions from the Global Fire Emis-397
sions Database (GFED) version 4s (van der Werf et al., 2017) (2017 and 2018 are pre-398
liminary data). GFED4s uses satellite information on fire activity, including MODIS and399
the Visible and Infrared Scanner (VIRS), and vegetation productivity to estimate grid-400
ded monthly fire emissions. The modeling system is based on the Carnegie-Ames-Stanford401
Approach (CASA) biogeochemical model (Potter et al., 1993), which has several mod-402
ifications from the previous version and uses higher quality input datasets. Several sig-403
nificant upgrades exist in GFED4s, including new burned area estimates with contribu-404
tions from small fires and a revised fuel consumption parameterization optimized with405
field observations. We also use the 1750-2015 CMIP6 reconstructed biomass burning emis-406
sion estimates, which merges the satellite record with several existing proxies, and uses407
the average of six models from the Fire Model Intercomparison Project (FireMIP) pro-408
tocol to estimate emissions (van Marle et al., 2017). GFED4s is used as an anchor point409
for all proxies and model results from 1997-2015.410
Observed SST data comes from the Kaplan SST data set (Kaplan et al., 1998), which411
is derived from the United Kingdom Met Office SST data and uses statistical techniques412
to fill data gaps. SST data is on a 5◦x5◦ grid and consists of monthly anomalies from413
1856-present. Anomalies are based on the 1951-1980 time period. We use observed pre-414
cipitation data rom the Global Historical Climatological Network (GHCN) version 2 (Peterson415
& Vose, 1997), which is based on over 20,000 stations worldwide that have been qual-416
ity controlled and bias corrected. ENSO is characterized by the Southern Oscillation In-417
dex (SOI), which is a standardized index based on the observed sea level pressure dif-418
ferences between Tahiti and Darwin, Australia (Trenberth & Caron, 2000). The nega-419
tive phase of the SOI represents below-normal air pressure at Tahiti and above-normal420
air pressure at Darwin (i.e., El Niño). Positive (negative) SOI values are indicative of421
La Niña (El Niño).422
Dynamical variables (e.g., winds) come from the Modern-Era Retrospective anal-423
ysis for Research and Applications version 2 (MERRA2) (Gelaro et al., 2017). MERRA2424
spans 1980 to present and is available at several spatial resolutions. We download the425
0.625◦x0.5◦ resolution and bilinearly interpolate to a 5◦x5◦ resolution. MERRA2 assim-426
ilates observation types not available to its predecessor (e.g., GPS data), and includes427
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updates to the Goddard Earth Observing System (GEOS) model and analysis scheme.428
Additional advances in MERRA2 are the assimilation of aerosol observations (Randles429
et al., 2017), several improvements to the representation of the stratosphere including430
ozone, improved representations of the cryosphere, and the reduction of some spurious431
trends and jumps related to changes in the observing system.432
3 Results433
3.1 Fully coupled CESM simulations434
3.1.1 Surface Temperature and Precipitation435
Figure 2 shows the global annual mean surface temperature response to semi-empirical436
fine mode aerosol direct radiative effect without dust and salt for CAM4- and CAM5-437
coupled simulations. The global annual mean change in surface temperature is 0.28 K438
for CAM4-coupled and 0.39 K for CAM5-coupled, both significant at the 99% confidence439
level. Thus, unlike most aerosol simulations (Wilcox et al., 2013; Rotstayn, Collier, Shin-440
dell, & Boucher, 2015), our semi-empirical fine-mode aerosol direct radiative effect leads441
to surface warming, consistent with the relatively large amount of atmospheric heating442
(Fig. 1). We also reiterate that our aerosol radiative effect lacks aerosol indirect effects,443
which likely cool the climate system with a RF of −0.45 (−1.2 to 0.0) W m−2 (Myhre444
et al., 2013). Most of the warming occurs in the Arctic, consistent with high-latitude warm-445
ing amplification due to ice-albedo feedbacks (Stjern et al., 2019). CAM5-coupled, how-446
ever, also shows considerable warming over much of the global ocean. A notable lack of447
warming occurs over much of Asia, with cooling near India and China. Moreover, both448
models show an Atlantic Meridional Mode (AMM) (Chiang & Vimont, 2004) like SST449
pattern (negative polarity) in the tropical Atlantic, with cooling of the north tropical At-450
lantic, and warming of the south tropical Atlantic (particularly along the west African451
coast near the Gulf of Guinea). CAM4-coupled also yields cooling throughout the cen-452
tral and eastern tropical Pacific, which resembles a La Niña-like SST pattern. Although453
CAM5-coupled does not show this cooling, there is a noticeable lack of significant warm-454
ing in the eastern tropical Pacific.455
Figure 2 also shows the global annual mean precipitation response. The global an-456
nual mean change in precipitation is −0.037 mm day−1 for CAM4-coupled and −0.024457
mm day−1 for CAM5-coupled, both significant at the 90% confidence level. Although458
a decrease in global mean precipitation in response to aerosols is similar to prior stud-459
ies (Ramanathan et al., 2001; Liepert et al., 2004; Wilcox et al., 2013; Samset et al., 2016),460
this decrease is interesting in light of the global mean surface warming. As our semi-empirical461
aerosol direct radiative effect has a relatively large amount of atmospheric heating, sev-462
eral analyses have shown that the precipitation response to absorbing aerosol depends463
on its vertical profile. Precipitation generally increases when absorbing aerosol is located464
closer to the surface, but decreases when it is located higher in the atmosphere (Ming465
et al., 2010; Zarzycki & Bond, 2010; Ban-Weiss et al., 2012; Pendergrass & Hartmann,466
2012). Similar to the temperature dipole pattern in the tropical Atlantic, a similar pat-467
tern exists for precipitation, where positive (negative) temperature responses correspond468
to positive (negative) precipitation responses. Moreover, both models show a significant469
precipitation decrease in the central and eastern tropical Pacific, with weaker precipi-470
tation increases in the western tropical Pacific. This tropical Pacific precipitation response471
is again La Niña-like, and is most pronounced in CAM4-coupled.472
3.1.2 Atmospheric Dynamics473
Figure 3 shows the annual mean sea level pressure (SLP) and surface wind response474
for both models. Anomalous low pressure occurs in the southeastern tropical Atlantic475
in both models, with anomalous high pressure in the northwestern tropical Atlantic. Con-476
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sistent with these SLP responses, the surface wind response features a northwesterly/westerly477
flow in the north tropical Atlantic that cuts across the equator and converges near the478
Gulf of Guinea (where the decrease in SLP exists). Similar to the AMM, the strength-479
ened northeast trade winds likely promote cooling of the north tropical Atlantic SSTs480
through the wind-evaporation-SST (WES) feedback (Chiang & Vimont, 2004). The SST481
warming near the Gulf of Guinea is consistent with the positive net aerosol direct ra-482
diative effect (Fig. 1).483
The large amount of aerosol atmospheric heating off the west coast of Africa desta-484
bilizes the atmosphere and leads to anomalous upper level (200 hPa) ascent and diver-485
gence (Fig. 3). This corresponds to the decrease in SLP, and the increase in precipita-486
tion and cloud cover near the Gulf of Guinea. Similar results are obtained with the sur-487
face and 200 hPa velocity potential (Supplementary Figure 1), with both models show-488
ing surface convergence near the west coast of Africa and divergence aloft. The rising489
air off the west African coast reinforces the rising branch of the tropical Atlantic Walker490
circulation near Africa (Figure 4).491
The enhanced rising motion is compensated by sinking motion in several regions,492
including off-equatorial descent in the Atlantic near 30N/S. Stronger sinking motion oc-493
curs along the equator, near the western tropical Atlantic (near Brazil) and in the east-494
ern tropical Pacific, which reinforces the sinking branch of the tropical Pacific Walker495
circulation (near 120W; Fig. 4). Tropical Pacific easterly trade winds at the surface are496
also enhanced (Fig. 3). Surface air converges in the western tropical Pacific (Supplemen-497
tary Figure 1), which is associated with enhanced ascent near the ascending branch of498
the tropical Pacific Walker circulation (near 140E; Fig. 4), particularly in CAM4-coupled.499
Similar results are obtained with the surface and 200 hPa velocity potential (Supplemen-500
tary Figure 1), with upper level (surface) convergence (divergence) over the eastern trop-501
ical Pacific. The Bjerknes positive feedback, in which the the easterly surface wind stress502
enhances the zonal SST gradient across the tropical Pacific, acts to amplify these wind503
and SST anomalies, resulting in intensification of the tropical Pacific Walker circulation504
and the development of a La Niña-like response. Consistent with these changes in the505
tropical Pacific Walker circulation, precipitation is reduced (enhanced) over the eastern/central506
(western) tropical Pacific (Fig. 2). Moreover, a tropical Pacific Rossby wave response oc-507
curs in both models (Supplementary Figure 2), with counterclockwise (clockwise) rota-508
tion in the Northern (Southern) Hemisphere eastern tropical Pacific (a Rossby wave re-509
sponse of opposite orientation also exists in the tropical Atlantic).510
These responses are very similar to the Atlantic Niño teleconnection to the trop-511
ical Pacific (Keenlyside & Latif, 2007; Rodŕıguez-Fonseca et al., 2009; Ding et al., 2012;512
Frauen & Dommenget, 2012; Keenlyside et al., 2013). Atlantic Niño strengthens the Walker513
circulation, including the ascending branch over the Atlantic and the descending branch514
over the central Pacific (Wang et al., 2009; Ding et al., 2012; Mart́ın-Rey et al., 2012;515
Kucharski et al., 2016). On longer time scales, recent warming of Atlantic SSTs has also516
been shown to yield a similar teleconnection to the Pacific, including intensification of517
the Pacific trade winds (England et al., 2014) and Walker circulation, and eastern Pa-518
cific SST cooling (Kucharski et al., 2011; McGregor et al., 2014; X. Li et al., 2012).519
3.1.3 Ocean Response520
A La Niña-like subsurface response also exists in the ocean for both models, with521
a stronger response in CAM4-coupled. Consistent with the surface wind response, west-522
ward (eastward) equatorial oceanic zonal current anomalies exist throughout the upper523
Pacific ocean (∼100 m depth) westward (eastward) of ∼220E (Supplementary Figure 3).524
The enhanced westward flow enhances the climatological equatorial surface current. East-525
ward oceanic zonal current anomalies exist deeper in the ocean, which again represents526
strengthening of the climatological subsurface zonal current (the Equatorial Undercur-527
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rent). These changes are reminiscent of a La Niña like response. The cross section of the528
equatorial potential temperature in the Pacific also shows western tropical Pacific ocean529
warming down to ∼300 m, and cooling in the eastern tropical Pacific (Supplementary530
Figure 3). These changes are consistent with the wind stress anomalies, and represent531
an increase the east-west thermocline slope, with deepening in the west and shoaling in532
the east. The shallower thermocline in the east promotes SST cooling, and cooler SST533
anomalies further produce more westward wind stress, reinforcing these wind and tem-534
perature responses.535
3.2 Fixed sea surface temperature simulations536
We also conduct analogous experiments but with fixed sea surface temperatures537
(fSST), which uses a repeating cycle of monthly climatological SSTs (CAM4-fSST and538
CAM5-fSST). These simulations also feature a repeating cycle of monthly climatolog-539
ical sea ice. These simulations lack ocean-atmosphere coupling, and only represent the540
“rapid adjustment” to semi-empirical fine-mode aerosol direct radiative effect without541
dust and sea salt. Consistent with fixed SSTs, much smaller changes in surface temper-542
ature occur (Supplementary Figure 4). Continents generally cool, particularly regions543
with strong aerosol direct radiative effect (Fig. 1), including central Africa and south-544
east Asia. The Arctic warms as before, but this warming is much weaker, consistent with545
the lack of ice-albedo feedbacks (and fixed SSTs). Also similar to, but weaker than the546
coupled simulations, is an increase in precipitation off the west coast of Africa. Precip-547
itation decreases also occur in the western tropical Atlantic (near Brazil) and in the In-548
dian Ocean (stronger than in the coupled simulations). However, a negligible precipi-549
tation response exists in the tropical Pacific.550
Figure 5 shows the the dynamical response in the fSST simulations. Similar dy-551
namical changes between the coupled and fSST simulations occur in the Atlantic, but552
they are again weaker in fSST simulations. This includes the surface convergence and553
upper level divergence off the coast of western Africa (see also Supplementary Figure 5),554
as well as the related ascent. Negligible dynamical responses occur in the tropical Pa-555
cific. This includes the 200 hPa convergence (divergence) over the eastern (western) trop-556
ical Pacific and the associated changes in vertical velocity (i.e., Walker circulation). CAM4-557
fSST, however, continues to show a stronger signal than CAM5-fSST. Thus, the fSST558
simulations capture the dynamical response in the tropical Atlantic, but it is weaker than559
in the coupled simulations. The teleconnection to the Pacific, however, is negligible in560
fSST simulations. Although this may be related to the weaker response in the Atlantic,561
it is likely mostly due to the lack of ocean-atmosphere coupling.562
3.3 Fully coupled simulations for Africa563
We also conduct experiments with the fully coupled atmosphere-ocean configura-564
tion, but forced with semi-empirical fine-mode aerosol direct radiative effect without dust565
and salt over the Africa region alone (CAM4-coupled Africa and CAM5-coupled Africa).566
The Africa region is defined as 15◦W-30◦E and 20◦S to 10◦N (box in Fig. 1a). The re-567
sults are very similar to the fully coupled simulations driven by the global semi-empirical568
aerosol direct radiative effect, particularly in the tropics. Figure 6 shows the tempera-569
ture and precipitation responses for the Africa-only aerosol direct radiative effect sim-570
ulations in CAM4 and CAM5. We note that CAM4-coupled Africa yields a surprisingly571
large amount of Arctic warming, particularly in the north Atlantic, despite no direct forc-572
ing in this region. Why specifically the Arctic warms is beyond the scope of this study,573
but it might be related to changes in ocean heat transport, related to the Atlantic Merid-574
ional Overturning Circulation. Warming of the Arctic is not necessarily unexpected, as575
localized forcing can have significant remote impacts on climate. Specifically, the Arc-576
tic may be particularly sensitivity to remote aerosol emissions (Shindell & Faluvegi, 2009;577
Acosta Navarro et al., 2016; Lewinschal et al., 2019; Westervelt et al., 2019).578
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Similar to the global simulations, a similar AMM-like pattern exists in the trop-579
ical Atlantic. More importantly, a La Niña-like tropical Pacific SST response exists, par-580
ticularly in CAM4-coupled Africa. The tropical precipitation response is also similar to581
the global aerosol simulations, including increased precipitation off the coast of western582
Africa and decreased precipitation in the western tropical Atlantic (near Brazil). There583
are also La Niña-like decreases (increases) in central/eastern (western) tropical Pacific584
precipitation, particularly in CAM4-coupled Africa.585
The dynamical responses in the Atlantic are also reproduced in the Africa-only aerosol586
simulations (Figure 7). This includes surface (upper level) convergence (divergence) off587
the coast of western Africa, as well as anomalous ascent and sea level pressure reductions,588
including similar surface wind responses (see also Supplementary Figure 6). The trop-589
ical Atlantic Walker circulation is again strengthened, as is the corresponding Pacific Walker590
circulation (Figure 8) including enhanced descent (ascent) in the central/eastern (west-591
ern) tropical Pacific. Furthermore, a tropical Pacific Rossby wave response occurs (Sup-592
plementary Figure 7). The subsurface ocean response is also similar to the global aerosol593
simulations (Supplementary Figure 8). Thus, Africa aerosol only simulations reproduce594
the tropical response, including the teleconnection to the tropical Pacific. These simu-595
lations confirm that atmospheric aerosol over Africa−which is mostly due to biomass burning−can596
drive a teleconnection between the tropical Atlantic and Pacific, resulting in a La Niña-597
like response in the tropical Pacific.598
To address the dependency of our results to the relatively large amount of atmo-599
spheric heating in our semi-empirical fine mode aerosol direct radiative effect, we con-600
duct analogous CAM4 Africa sensitivity tests driven by 20% and 50% of the semi-empirical601
aerosol direct radiative effect over the Africa region (Fig. 1d; CAM4-coupled Africa 20%602
and CAM4-coupled Africa 50%, respectively). As in CAM4-coupled Africa, the direct603
aerosol radiative effect is set to zero outside the Africa region. These simulations show604
a similar, but weaker response, including significant anomalous ascent and upper level605
divergence off the coast of west Africa, strengthening of the Walker circulation, and a606
La Niña-like teleconnection to the tropical Pacific (Figures 9-10). Thus, our results are607
not dependent on the relatively large amount of atmospheric heating in our semi-empirical608
fine mode aerosol direct radiative effect.609
Figure 11 shows the most important dynamical responses in our CAM5 coupled610
simulation using prognostic aerosols (MAM3), which features a doubling of 1850 black611
carbon fire emissions over the Africa region (CAM5-2xAFBC). CAM5-2xAFBC also in-612
cludes aerosol indirect effects, as well as aerosol-meteorology coupling. Similar to the above613
simulations with semi-empirical aerosol radiative effects, CAM5-2xAFBC shows an in-614
crease in upper-level ascent and divergence, as well as precipitation, off the west coast615
of Africa. Furthermore, in the tropical Pacific, CAM5-2xAFBC shows a La-Niña-like re-616
sponse, including decreased (increased) precipitation in the central/eastern (western) trop-617
ical Pacific. The corresponding upper-level vertical velocity and divergence responses are618
also consistent, including anomalous descent (ascent) in the central/eastern (western)619
tropical Pacific. Thus, CAM5-2xAFBC supports our conclusions, including the dynam-620
ical response to Africa biomass aerosols in the Atlantic, and the teleconnection to the621
tropical Pacific.622
3.4 CMIP6 2xFIRE simulations623
Unfortunately, most CMIP6 models lack the relevant diagnostics to calculate the624
2xFIRE TOA RF. The lone model that included these diagnostics, CNRM-ESM2-1, yields625
an annual (August-September) 2xFIRE TOA RF over our Africa region (box in Fig. 1a)626
of −0.61 (−0.80) W m−2. The August-September value is on the low end of AeroCom627
models, but falls within the AeroCom range of −1.16 to 1.62 W m−2. Models archived628
the solar heating rate diagnostic, which shows the structure of the CMIP6 2xFIRE ver-629
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tical heating profile over the Africa region resembles our semi-empirical heating (e.g., max-630
imum near 700 hPa; Fig. 1), but it is weaker in magnitude, particularly in CNRM-ESM2-631
1 and MIROC6, where it peaks at ∼0.07 K day−1 (versus our 0.44 K day−1). UKESM1-632
0-LL shows much larger heating over the Africa region, peaking at ∼0.18 K day−1, and633
in better agreement to semi-empirical fine mode aerosol direct heating (but still about634
50% as large). We note, however, that the CMIP6 2xFIRE heating profiles over the Africa635
region are similar to our sensitivity tests with 20% (for CNRM-ESM2-1 and MIROC6)636
and 50% (for UKESM1-0-LL) of the semi-empirical fine mode aerosol direct radiative637
effect (Fig. 1d). The large CMIP6 intermodel spread in biomass-induced heating over638
the Africa region also reinforces the notion that significant uncertainty remains in bottom-639
up model simulations of biomass burning.640
We focus on the annual mean change in aerosol optical depth (AOD) and absorp-641
tion aerosol optical depth (AAOD) at 550 nm. CMIP6 2xFIRE simulations shows large642
increases in both quantities over much of the African continent, including the tropical643
Atlantic ocean (Supplementary Figure 9). Averaged over our Africa region (box in Fig. 1a),644
AOD (AAOD) increases by 0.04, 0.09 and 0.14 (0.0037, 0.0048, and 0.025) for CNRM-645
ESM2-1, MIROC6 and UKESM1-0-LL, respectively. Thus, even with similar fire emis-646
sion perturbations, CMIP6 models exhibit a large range in AOD and in particular, AAOD647
response. This further illustrates the large uncertainty in bottom-up aerosol simulations.648
In response to doubling fire emissions, two of the three models show a response off649
the coast of Africa that resembles our CESM simulations. This includes anomalous as-650
cent and upper level divergence, increased cloud cover and precipitation, and decreased651
sea level pressure near the Gulf of Guinea (Fig. 12; Supplementary Figure 10). UKESM1-652
0-LL shows the largest response, which is consistent with the larger increase in AOD and653
in particular, AAOD and associated atmospheric heating. Reasons for the lack of a re-654
sponse in MIROC6 are unclear. Interestingly, despite the relatively large negative TOA655
RF over the Africa region, CNRM-ESM2-1 simulates the responses off the coast of Africa656
(albeit weaker than in our fSST simulations). This suggests the atmospheric heating and657
its vertical location are likely the more important factors in driving the Atlantic climate658
responses. With considerably less atmospheric heating over the Africa region, relative659
to semi-empirical aerosol direct radiative effect, this suggests the Africa climate response660
occurs with substantially less heating than exists in our semi-empirical aerosol simula-661
tions (consistent with CAM4-coupled Africa 50% and 20%, as well as CAM5-2xAFBC).662
We note that CMIP6 2xFIRE simulations, like our fSST simulations, do not yield663
a strong teleconnection to the tropical Pacific, implying the importance of surface tem-664
perature changes and atmosphere-ocean coupling to this teleconnection. Thus, our CESM665
simulations, as well as CMIP6 2xFIRE experiments, support the possible role of African666
biomass burning emissions in initiating the first stage of the teleconnection, including667
increased ascent and upper level divergence near the Gulf of Guinea (i.e., intensified At-668
lantic Walker circulation).669
3.5 Observations670
Observations also support a relationship between south African biomass burning671
and ENSO, particularly during boreal fall (September, October, November, SON). As672
the largest emitter of biomass burning aerosols, southern Africa contributes ∼30% of global673
biomass burning aerosol by mass (van der Werf et al., 2010). From July though Octo-674
ber, these aerosols are transported by the atmospheric circulation over the southeast-675
ern Atlantic Ocean (Adebiyi & Zuidema, 2016).676
Here, we focus on the 22-year time period from 1997-2018, when satellite estimates677
of biomass burning emissions exist. The (detrended) SON correlation between GFED4s678
south African biomass burning emissions and the SOI is 0.66 (significant at the 99% con-679
fidence level). This indicates high (low) SON south African fire years are associated with680
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La Niña (El Niño). Figure 13 shows the corresponding spatial correlations between Ka-681
plan SSTs and south African biomass burning emissions. High south African biomass682
burning emissions are associated with a La Niña-like SST pattern in the tropical Pacific,683
with colder (warmer) SSTs in the central and eastern (western) tropical Pacific. Although684
weaker, this relationship (particularly the cooling in the central/eastern tropical Pacific)685
exists over a longer time period. This is illustrated using CMIP6 reconstructed south686
African biomass burning emissions and Kaplan SSTs from 1950-2015 (Fig. 13). We note687
that correlations between north African biomass burning and the SOI are weaker and688
not significant (e.g., SON correlation of 0.26). During December-February, which cor-689
responds to the season of maximum north African biomass burning emissions, the cor-690
relation is also non-significant (and negative) at −0.13.691
A lead-lag (detrended) correlation analysis suggests that ENSO is the causality of692
the south African biomass burning-La Niña relationship. Generally, ENSO conditions693
start to develop between March through June, reaching peak intensity during December-694
April (Deser et al., 2010). The 1997-2018 correlation between MAM SOI and SON south695
African biomass burning emissions from GFED4s is 0.39. Using JJA SOI and SON south696
African biomass burning emissions, this correlation increases to 0.64. Thus, La Niña (El697
Niño) conditions tend to precede large (small) south African biomass burning emissions698
in SON. This is presumably due to decreased precipitation and drying, as a negative cor-699
relation exists between both JJA and SON SOI and SON south African GHCN precip-700
itation at −0.38 and −0.33, respectively (the former correlation is significant at the 90%701
confidence level). However, precipitation and burned area relations are complex, as en-702
hanced precipitation can increase burned area through increased productivity (more fuel703
available for burning), or limit burned area by shortening the dry season (van der Werf704
et al., 2008). Nonetheless, this result is consistent with Andela and van der Werf (2014),705
who showed that much of the upward trend in south African biomass burning from 2001-706
2012 was driven by the El Niño to La Niña transition.707
Although ENSO appears to initiate this relationship, there could be a positive feed-708
back whereby high south African biomass burning emissions trigger the model simulated709
dynamical response off the coast of west Africa, further promoting the development of710
La Niña. This is illustrated with a composite analysis, which is based on the difference711
of the three highest south African biomass burning SON years minus the three lowest712
south African biomass burning SON years. Not surprisingly, the three highest (lowest)713
south African biomass burning SON years usually correspond to moderate to strong La714
Niña (El Niño) events in 2010, 2011 and 2008 (2002, 2013, 1997). The choice of three715
highest and three lowest south African biomass burning years corresponds to ± 1-standard716
deviation from the 1997-2018 mean GFED4s south African biomass burning emissions.717
Figure 14 shows that high south African SON fire years (relative to low SON fire years)718
feature an increase in upper-level divergence and vertical velocity, precipitation, cloud719
cover, and decreases in sea-level pressure in the Gulf of Guinea. Similar results exist based720
on raw observations, including decreased Hadley Centre SLP (Allan & Ansell, 2006) and721
High Resolution Infrared Radiation Sounder (HIRS) outgoing longwave radiation (H.-722
T. Lee et al., 2007) and increased Global Precipitation Climatology Project (GPCP) pre-723
cipitation (Adler et al., 2003) near the Gulf of Guinea (Supplementary Figure 11). A sim-724
ilar but weaker signal exists if we analyze the high fire SON years only (not shown).725
We have also calculated 1997-2018 SON correlations between GFED4s south African726
biomass burning emissions and MERRA2 atmospheric variables (Figure 15). Time se-727
ries are first detrended prior to calculation of the correlation coefficient. Significance is728
calculated based on a t-test using the formula t = r/[(1 − r2)/(N − 2)]0.5, where r is729
the correlation coefficient and N is the number of years (22). This correlation analysis−which730
focuses on the Atlantic−shows results that are similar to our composite analysis. That731
is, high SON south Africa fire years are associated with an increase in upper-level diver-732
gence and vertical velocity, precipitation, and cloud cover near the Gulf of Guinea.733
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Although isolating a south African biomass burning and ENSO signal from obser-734
vations alone is difficult, a significant relationship exists during boreal fall. Although ENSO735
appears to initiate (i.e., lead) changes in SON south African biomass burning emissions,736
with La Niña conditions preceding high SON south African biomass burning emissions,737
high SON south African biomass burning emissions are associated with dynamical changes738
off the coast of west Africa that resemble our model simulations.739
Thus, we suggest high south African biomass burning emissions may feedback on740
the developing La Niña, further supporting its intensification. This is also supported by741
observations, as the SOI increases from JJA to SON in each of the three highest south742
African biomass burning SON years. During 2010 (the highest south African biomass743
burning SON fire year), the SOI increases from 1.9 in JJA to 3.2 in SON. Similarly, dur-744
ing 2011 (second highest south African biomass burning SON fire year), the SOI increases745
from 0.5 in JJA to 1.71 in SON and during 2008 (third highest south African biomass746
burning SON fire year), the corresponding SOI increase is from 0.69 to 2.34. Although747
it is not possible to attribute this La Niña intensification directly to south African biomass748
burning emissions, these results suggest a positive feedback may exist.749
4 Discussion and Conclusion750
Significant uncertainty remains in aerosol direct (and indirect) radiative effects, and751
in turn the impacts on the climate system. In an effort to circumvent some of the tra-752
ditional uncertainties, we adopt a top-down approach by incorporating semi-empirical753
fine mode aerosol direct radiative effect without dust and salt into two climate models.754
Our results yield a robust circulation response in the tropics. In the tropical Atlantic,755
aerosol heating destabilizes the atmosphere and triggers enhanced ascent and upper level756
divergence off the coast of western Africa. This strengthens the Walker circulation, in-757
cluding the ascending branch over the tropical Atlantic as well as the descending branch758
over the tropical central Pacific. The enhanced surface divergence and easterly trade winds759
in the latter region shallows the equatorial thermocline, triggering coupled ocean-atmosphere760
processes that promote the development of a Pacific La Niña. Similar coupled ocean-atmosphere761
simulations with Africa-only semi-empirical aerosol direct radiative effect reproduces these762
responses. Thus, our simulations suggest African biomass burning is capable of remotely763
impacting the tropical Pacific.764
These responses are very similar to the Atlantic Niño teleconnection to the trop-765
ical Pacific. Several studies have shown that Atlantic Niño variability influences ENSO,766
with Atlantic Niño SST variations preceding opposite signed SST anomalies in the cen-767
tral and eastern equatorial Pacific by 2-3 seasons (Keenlyside & Latif, 2007; Rodŕıguez-768
Fonseca et al., 2009; Ding et al., 2012; Frauen & Dommenget, 2012; Keenlyside et al.,769
2013). Atlantic Niño strengthens the Walker circulation, including the ascending branch770
over the Atlantic and the descending branch over the central Pacific (Wang et al., 2009;771
Ding et al., 2012; Mart́ın-Rey et al., 2012; Kucharski et al., 2016). The sinking motion772
in the central/eastern tropical Pacific induces easterly surface wind anomalies just to the773
west (Polo et al., 2015; X. Li et al., 2012). This wind anomaly contributes to a pile up774
of water in the western equatorial Pacific, triggering a perturbation in the depth of the775
oceanic thermocline. These perturbations propagate eastward as upwelling Kelvin-waves.776
As the Kelvin wave propagates, the eastern Pacific becomes cooler (warmer) through ther-777
mocline feedbacks and the Bjerknes feedback (X. Li et al., 2012; Kucharski et al., 2016).778
On longer time scales, recent warming of Atlantic SSTs has also been shown to yield a779
similar teleconnection to the Pacific, including intensification of the Pacific trade winds780
(England et al., 2014) and Walker circulation, and eastern Pacific SST cooling (Kucharski781
et al., 2011; McGregor et al., 2014; X. Li et al., 2012).782
Although we use semi-empirical fine-mode aerosol direct radiative effect without783
dust and sea salt in an attempt to reduce model uncertainties associated with bottom-784
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up approaches (Ramanathan & Carmichael, 2008; Koch et al., 2009; Ming et al., 2010;785
Zarzycki & Bond, 2010; C. E. Chung et al., 2012; Ban-Weiss et al., 2012; Bond et al.,786
2013; Allen & Landuyt, 2014; Cohen & Wang, 2014; Myhre & Samset, 2015; Samset &787
Myhre, 2015)−including likely underestimation of biomass aerosol (Kaiser et al., 2012;788
Tosca et al., 2013; Shindell et al., 2013)−our methodology may be limited by several un-789
certainties. This includes the observed aerosol optical depth and reliance on simulated790
optical properties. Our approach also lacks aerosol-meteorology coupling. We also note791
that our semi-empirical fine-mode aerosol direct radiative effect contains considerable792
atmospheric heating, several times larger than most models (Myhre et al., 2013). How-793
ever, CAM4 sensitivity tests with reduced semi-empirical fine-mode aerosol direct radia-794
tive effect over the Africa region also produces a significant (but weaker) La Niña-like795
teleconnection. This suggests our results are not dependent on the relatively large amount796
of atmospheric heating in our semi-empirical aerosol data set.797
Our primary simulations (driven by semi-empirical aerosol radiative effects) con-798
sider only aerosol direct and semi-direct effects, but biomass burning aerosols entrained799
into the southeastern Atlantic stratocumulus (the microphysical aerosol “indirect” ef-800
fect) may play a dominant role in determining the total TOA radiative forcing (Lu et801
al., 2018). The importance of biomass burning aerosol indirect effects is consistent with802
several other studies (Ward et al., 2012; Grandey et al., 2016; Jiang et al., 2016; Landry803
et al., 2017). In Grandey et al. (2016), for example, CAM5 simulations driven by inter-804
annually varying fire emissions constrained by GFED4s yielded a global mean net ra-805
diative effect of −1.0 W m−2, dominated by the cloud shortwave response to organic car-806
bon aerosol. However, our CAM5-2xAFBC simulation, which includes prognostic MAM3807
aerosols and thus aerosol indirect effects (and aerosol-meteorology coupling), supports808
our conclusions.809
Furthermore, CMIP6 fixed SST simulations with doubled fire emissions also repro-810
duce the dynamical response in the tropical Atlantic. These models use different param-811
eterizations than CESM, and also include a sophisticated treatment of aerosols, includ-812
ing aerosol indirect effects and aerosol-meteorology coupling. This increases the robust-813
ness to our CESM responses in the Atlantic. Although CMIP6 simulations lack a tele-814
connection to the tropical Pacific, this is likely due to lack of ocean-atmosphere feedbacks,815
as our semi-empirical fine-mode aerosol fixed SST simulations also lack a remote response816
to the tropical Pacific. Similar to our results, Tosca et al. (2013) show that fire aerosols817
yield a reduction in central and eastern tropical Pacific precipitation (and sea surface818
temperatures). Their response, however spans most of the tropical Pacific. Although south819
Africa is dominated by a decrease in precipitation (particularly over the continent), there820
is a weak precipitation increase off the coast, which is also qualitatively similar to our821
results.822
Observations support a relationship between south African biomass burning and823
ENSO, particularly during boreal fall (SON). Although ENSO appears to lead the re-824
lationship, as in Andela and van der Werf (2014), we find observational evidence that825
south African biomass burning emissions may yield a dynamical response in the trop-826
ical Atlantic similar to model simulations. Thus, although our work is subject to sev-827
eral caveats, we suggest a possible two-way feedback between ENSO and south African828
biomass burning, with La Niña promoting more south African SON biomass burning emis-829
sions, which may then strengthen the developing La Niña. Additional coupled ocean-830
atmosphere simulations using multiple models with sophisticated aerosol schemes should831
be performed to further evaluate the robustness of this response.832
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Table 1. CESM experiments conducted in this study. Listed below is the name of each exper-
iment, the aerosol perturbation applied, and the ocean setup. These experiment names are also
used to designate the corresponding response to the imposed aerosol perturbation, which is ob-
tained by subtracting an identical control simulation that lacks semi-empirical fine mode aerosol
direct radiative effects without dust and sea salt. We also conduct CAM5 coupled simulations
using prognostic aerosols (MAM3), which feature a doubling of 1850 black carbon fire emissions
over the Africa region.
Experiment Name Semi-Empirical Fine Mode Aerosol Effect∗ Ocean Setup
CAM4-coupled Y, Global dynamic ocean
CAM5-coupled Y, Global dynamic ocean
CAM4-coupled Africa Y, Africa region dynamic ocean
CAM5-coupled Africa Y, Africa region dynamic ocean
CAM4-coupled Africa 50% Y, Africa region, scaled by 50% dynamic ocean
CAM4-coupled Africa 20% Y, Africa region, scaled by 20% dynamic ocean
CAM4-fSST Y, Global fixed SSTs
CAM5-fSST Y, Global fixed SSTs
CAM5-2xAFBC N, MAM3 2x1850 BC fire emissions Africa region dynamic ocean
∗ All experiments except CAM5-2xAFBC are conduced with fine-mode aerosol direct ra-
diaitve effects without dust and sea salt. Control simulations are identical, but lack the
aerosol perturbation.
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Figure 1. Annual mean semi-empirical fine mode aerosol direct radiative effects without dust
and sea salt. Spatial maps of (a) atmospheric solar absorption, (b) reduction in surface solar
radiation, and (c) top-of-the-atmosphere (TOA) aerosol direct radiative effect. The corresponding
global annual mean values are +3.64 W m−2, −3.75 W m−2 and −0.11 W m−2, respectively.
Semi-empirical aerosol direct radiative effect is estimated by C. E. Chung et al. (2016) using
the MACR radiation model, and is subsequently inserted into CESM. (d) The vertical profile of
atmospheric solar heating rate for the global mean (blue), the Africa region (red), Africa scaled
by 50% (red dashed) and 20% (red dotted). The solar heating profile response over Africa from
CMIP6 2xFIRE simulations, including CNRM-ESM2-1 (green), MIROC6 (gold) and UKESM1-
0-LL (black), as well as that from CAM5-2xAFBC, is also included. The Africa region, defined
as 15◦W to 30◦E and 20◦S to 10◦N, is designated by the box in (a). Panels with semi-empirical
aerosol data show the aerosol direct radiative effect; CMIP6 and CAM5-2xAFBC results are
based on the response. Units in (a-c) are W m−2 and K day−1 in (d).
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Figure 2. Annual mean (a,b) surface temperature and (c,d) precipitation response for (left
panels) CAM4-coupled and (right panels) CAM5-coupled. These experiments show the climate
response to global semi-empirical fine-mode aerosol direct radiative effect using coupled ocean-
atmosphere simulations. Symbols denote significance at 90% confidence level, based on a t-test
for the difference of means using the pooled variance. Temperature and precipitation units are
K and mm day−1, respectively. The global annual mean change in surface temperature is 0.28 K
for CAM4-coupled and 0.39 K for CAM5-coupled, both significant at the 99% confidence level.
The corresponding global annual mean change in precipitation is −0.037 and −0.024 mm day−1,
respectively (both significant at the 90% confidence level).
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Sea Level Pressure & Surface Winds











CAM4-coupled                  CAM5-coupled
Figure 3. Annual mean dynamical responses including (a,b) sea level pressure (SLP) and sur-
face winds; (c,d) 200 hPa pressure vertical velocity (Ω); (e,f) 200 hPa divergence; and (g,h) cloud
cover for (left panels) CAM4-coupled and (right panels) CAM5-coupled. SLP and surface wind
units in (a,b) are hPa and m s−1, respectively. Ω, divergence, and cloud cover units are Pa s−1,
s−1 and %, respectively. These experiments show the climate response to global semi-empirical
fine-mode aerosol direct radiative effect using coupled ocean-atmosphere simulations. Symbols
denote significance at 90% confidence level, based on a t-test for the difference of means using the
pooled variance.
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Figure 4. Annual mean vertical cross section of the pressure vertical velocity (Ω) response at
the equator for (a) CAM4-coupled and (b) CAM5-coupled. These experiments show the climate
response to global semi-empirical fine-mode aerosol direct radiative effect using coupled ocean-
atmosphere simulations. Large black arrows represent the climatological Walker circulation in
the Pacific and Atlantic. Symbols denote significance at 90% confidence level, based on a t-test
for the difference of means using the pooled variance. Black contours show the climatological
vertical velocity, with negative values (rising air) dashed. To help orient the viewer, Africa (AF)
and South America (SA) are labeled. Units are Pa s−1.
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Figure 5. Annual mean dynamical responses including (a,b) sea level pressure (SLP) and sur-
face winds; (c,d) 200 hPa pressure vertical velocity (Ω); (e,f) 200 hPa divergence; and (g,h) cloud
cover for (left panels) CAM4-fSST and (right panels) CAM5-fSST. These experiments show the
fast-response to global semi-empirical fine-mode aerosol direct radiative effect using fixed SSTs.
SLP and surface wind units in (a,b) are hPa and m s−1, respectively. Ω, divergence, and cloud
cover units are Pa s−1, s−1 and %, respectively. Symbols denote significance at 90% confidence
level, based on a t-test for the difference of means using the pooled variance.–32–This article is protected by copyright. All rights reserved.
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Figure 6. Annual mean (a,b) surface temperature and (c,d) precipitation response for (left
panels) CAM4-coupled Africa and (right panels) CAM5-coupled Africa. These experiments show
the climate response to semi-empirical fine-mode aerosol direct radiative effect without dust and
sea salt over Africa only using coupled ocean-atmosphere simulations. Symbols denote signif-
icance at 90% confidence level, based on a t-test for the difference of means using the pooled
variance. Temperature and precipitation units are K and mm day−1, respectively. The global
annual mean change in surface temperature is 0.23 K for CAM4-coupled Africa and 0.17 K for
CAM5-coupled Africa, both significant at the 99% confidence level. The corresponding global an-
nual mean change in precipitation is −0.034 and −0.037 mm day−1, respectively (not significant
at the 90% confidence level).
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Figure 7. Annual mean dynamical responses including (a,b) sea level pressure (SLP) and sur-
face winds; (c,d) 200 hPa pressure vertical velocity (Ω); (e,f) 200 hPa divergence; and (g,h) cloud
cover for (left panels) CAM4-coupled Africa and (right panels) CAM5-coupled Africa. These
experiments show the climate response to semi-empirical fine-mode aerosol direct radiative effect
without dust and sea salt over Africa only using coupled ocean-atmosphere simulations. SLP and
surface wind units in (a,b) are hPa and m s−1, respectively. Ω, divergence, and cloud cover units
are Pa s−1, s−1 and %, respectively. Symbols denote significance at 90% confidence level, based
on a t-test for the difference of means using the pooled variance.
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Figure 8. Annual mean vertical cross section of the pressure vertical velocity (Ω) response at
the equator for (a) CAM4-coupled Africa and (b) CAM5-coupled Africa. These experiments show
the climate response to semi-empirical fine-mode aerosol direct radiative effect without dust and
sea salt over Africa only using coupled ocean-atmosphere simulations. Large black arrows repre-
sent the climatological Walker circulation in the Pacific and Atlantic. Symbols denote significance
at 90% confidence level, based on a t-test for the difference of means using the pooled variance.
Black contours show the climatological vertical velocity, with negative values (rising air) dashed.
To help orient the viewer, Africa (AF) and South America (SA) are labeled. Units are Pa s−1.
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Figure 9. Annual mean (a,b) surface temperature; (c,d) precipitation; (e,f) 300 hPa pres-
sure vertical velocity (Ω); and (g,h) 300 hPa divergence response for (left panels) CAM4-coupled
Africa 50% and (right panels) CAM4-coupled Africa 20%. These experiments show the climate
response to semi-empirical fine-mode aerosol direct radiative effect without dust and sea salt over
Africa only scaled by 50% and 20%, respectively, using coupled ocean-atmosphere simulations.
Symbols denote significance at 90% confidence level, based on a t-test for the difference of means
using the pooled variance. Units are K, mm day−1, Pa s−1 and s−1 for surface temperature, pre-
cipitation, Ω and divergence, respectively. The global annual mean change in surface temperature
is 0.042 K for CAM4-coupled Africa 50% and 0.058 K for CAM4-coupled Africa 20% (not signifi-
cant at the 90% confidence level). The corresponding global annual mean change in precipitation
is −0.006 and −0.005 mm day−1, respectively (not significant at the 90% confidence level).
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Figure 10. Annual mean vertical cross section of the pressure vertical velocity (Ω) response
at the equator for (a) CAM4-coupled Africa 50% and (b) CAM4-coupled Africa 20%. These ex-
periments show the climate response to semi-empirical fine-mode aerosol direct radiative effect
without dust and sea salt over Africa only scaled by 50% and 20%, respectively, using coupled
ocean-atmosphere simulations. Large black arrows represent the climatological Walker circulation
in the Pacific and Atlantic. Symbols denote significance at 90% confidence level, based on a t-test
for the difference of means using the pooled variance. Black contours show the climatological
vertical velocity, with negative values (rising air) dashed. To help orient the viewer, Africa (AF)
and South America (SA) are labeled. Units are Pa s−1.
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Figure 11. Annual mean (a) precipitation; (b) 300 hPa pressure vertical velocity (Ω); and (c)
300 hPa divergence response for CAM5-2xAFBC This experiment shows the climate response
to doubling MAM3 1850 BC fire emissions over Africa, using a coupled ocean-atmosphere simu-
lation. Symbols denote significance at 90% confidence level, based on a t-test for the difference
of means using the pooled variance. Units are mm day−1, s−1 and Pa s−1 for precipitation,
divergence and Ω respectively.
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Figure 12. CMIP6 2xFIRE annual mean dynamical responses including (a-c) sea level pres-
sure (SLP) and surface winds; (d-f) 200 hPa vertical velocity; (g-i) 200 hPa divergence; and
(j-l) cloud cover for (left panels) CNRM-ESM2-1; (center panels) MIROC6; and (right panels)
UKESM1-0-LL. As with all other figures, CNRM-ESM2-1 and UKESM1-0-LL vertical velocity
is based on pressure vertical velocity, with units of Pa s−1. However, MIROC6 vertical velocity
is based on standard vertical velocity, with units of m s−1. SLP and surface wind units in (a-c)
are hPa and m s−1, respectively. Divergence and cloud cover units are s−1, and %, respectively.
Symbols denote significance at 90% confidence level, based on a t-test for the difference of means
using the pooled variance.
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Figure 13. Detrended September-October-November (SON) spatial correlation map between
south African biomass burning emissions and Kaplan sea surface temperatures (SSTs) for (a)
1950-2015 and (b) 1997-2018. GFED4s (CMIP6) data is used for 1997-2018 (1950-2015) biomass
burning emissions. Symbols denote significance at 90% confidence level based on a t-test.
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Figure 14. MERRA2 September-October-November (SON) composite analysis (high minus
low fire years) of dynamical responses including (a) surface temperature; (b) sea level pressure
(SLP) and surface winds; (c) 200 hPa pressure vertical velocity (Ω); (d) precipitation; (e) 200
hPa divergence; and (f) cloud cover. Analysis is based on 1997-2018 SON GFED4s south African
biomass burning emissions. Surface temperature, SLP, surface winds, Ω, precipitation, divergence
and cloud cover units are K, hPa, m s−1, hPa s−1, mm day−1, 10−7 s−1, and %, respectively.
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Figure 15. 1997-2018 September-October-November (SON) Atlantic correlations between
GFED4s south African biomass burning emissions and MERRA2 (a) 200 hPa divergence; (b) sea
level pressure (SLP); (c) 200 hPa pressure vertical velocity (Ω); (d) precipitation; (e) high cloud
cover; and (f) outgoing longwave radiation. Black symbols denote correlations that are significant
at the 90% confidence level based on a t-test. Time series are first detrended before calculation of
the correlation. Units are dimensionless.
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